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Recent data suggest the source of F0F1 ATP synthase
determines a significant and surprising difference in the
size of a putative rotating ring of integral membrane
subunits of F0; this can be correlated with biochemical
data suggesting there is variation in the number of
protons translocated per ATP synthesised.
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The ATP synthase enzyme catalyses the final step of
oxidative and photophosphorylation in bacteria, mitochon-
dria and the thylakoids of chloroplasts. It is a complex
protein with the function of coupling the passage of
protons down their electrochemical gradient to the synthe-
sis of ATP. The transmembrane proton electrochemical
gradient, often referred to as a protonmotive force, is
usually generated by electron transport reactions powered
either by oxidative reactions or by light. Part of the ATP
synthase, known as F0, is embedded in the membrane and
is connected by stalk-like structures to the large globular
complex known as F1 (Figure 1a). The F1 complex con-
tains catalytic sites, generally thought to be three, for con-
verting ADP and Pi to ATP. F0 translocates protons across
the membrane, and this is believed to be coupled to
rotation of one subunit of the F1 complex in a way that
drives the ATP synthesis reaction. 
The remarkable rotation of the F1 complex has been
demonstrated using elegant biophysical techniques
(Figure 1b) [1]. This now famous experiment involved
anchoring the bulk of the F1 complex to a microscope
slide and observing one elongated subunit, a stalk compo-
nent, rotate as ATP was hydrolysed; the rotation was visu-
alised by the attachment of a fluorescent-labelled actin
[1] (Figure 1b). Such rotation, which would occur in
reverse for ATP synthesis, is thought to be a key part of
the mechanism whereby ADP and Pi are condensed to
yield ATP on the F1 complex, but what is not understood
is how such rotation can be coupled to proton movement
across the membrane.
It is generally expected that the polypeptide chain
composition of an enzyme will be the same from one
source to another. However, the ATP synthase, as well as
electron transport chain components, from mitochondria
have additional (minor) polypeptide chains compared with
their bacterial counterparts. The reasons for this are not
understood, but may reflect the assembly of the mitochon-
drial protein complexes from both nuclear and mitochon-
drial gene products. It has been anticipated, however, that
the fundamental catalytic subunits of these systems, which
at the structural level are clearly very similar between
species, would be present in similar stoichiometries.
Indeed, it is agreed that the stoichiometry of the largest
subunits of the F1 complex is α3β3γ irrespective of the
source of the enzyme.
The stoichiometry of the components making up the F0
complex has been more difficult to define, but for the
Escherichia coli ATP synthase a variety of biochemical
approaches has indicated that the stoichiometry is ab2c12.
The c subunit has a molecular weight of approximately
8 kDa and has long been postulated to form two α helices,
as a hairpin structure, in the membrane. The latter expec-
tation was essentially confirmed by an X-ray structure of a
form of yeast ATP synthase [2] which, in addition to the
F1 subunits, retained the c subunits alone from the F0
complex. It was not unexpected that the c subunits were
packed as a ring, but the surprise was that 10, and not 12, c
subunits were present [2]. 
This stoichiometry might mean that the biochemical
approaches used to deduce that the E. coli enzyme has 12
c subunits were misleading; it is after all quite difficult to
distinguish experimentally between 10 and 12. But more
recently Seelert et al. [3], using atomic force microscopy,
have provided persuasive evidence that the F0 complex of
the thylakoid enzyme has 14 c subunits, again organised
into a ring. Although the possibility cannot be entirely dis-
counted, it seems unlikely that these stoichiometries of 10
and 14 are artifacts of the experimental methods, and so
implications of variation in ring size have to be considered.
It would certainly be interesting to know the size of the F0
ring, which now appears not to be constant, for the E. coli
enzyme from a method of structural biology.
Can one rationalise how the number of c subunits per ring
could differ between 10 and 14, dependent on the source
of the F0 ring? There is one approximate precedent, the
light harvesting II complexes from two species of photo-
synthetic bacteria. The first structure of such a complex
showed that the polypeptides were organised in two con-
centric rings, each containing nine polypeptides, but the
second, from a different species, revealed eight subunits
per ring [4]. The subunits of the two complexes diverged
in sequence: in particular, there were distinct differences
at the amino and carboxyl terminii which might in principle
account for the different number of helices per ring. But
the striking feature of the c subunit of the ATP synthase
is its strong conservation in both molecular weight and
sequence. Whether any sequence difference between
mitochondrial and thylakoid F0 c subunits can explain dif-
ferences in ring size — 10 versus 14 subunits — remains to
be seen. Perhaps other minor F0 subunits, such as those
found in mitochondrial but not bacterial ATP synthase,
are important in dictating the different packing.
There are important consequences to assess if the number
of c subunits per F0 ring is variable. The first is to con-
sider, in a general sense, the implications of the c subunit
stoichiometry for the mechanism of the ATP synthase.
Passage of protons through the F0 complex is believed to
cause the γ subunit of the F1 complex to rotate relative to
the α3β3 assembly, with each 120° turn driving the release
of an ATP molecule. The α3β3 part of the molecule itself
does not rotate because, it is argued, of attachment to the
F0 complex by a protein or proteins that are independent
of the γ subunit and thus provide a second stalk that acts
as a ‘stator’ (Figure 1a). 
The next issue is that of how the torque in the γ subunit is
generated. One possibility is that the ring assembly of c
subunits itself rotates independently of the stator but
engages with the γ subunit. Twelve protons moving through
the previously accepted 12 c subunit assembly would
cause 360° turns in both the F0 c subunit assembly and in
the F1 part of the molecule. The result would be synthesis
of three molecules of ATP. The proton per ATP stoi-
chiometry would be four, correlating with a 120° turn per
ATP molecule. This mechanism clearly involves a sym-
metry matching, in a 4:1 ratio, between the c subunit
assembly and the α3β3 F1 complex.
Variations on this theme, for example in which protons
migrate in a circular fashion from one c subunit to the
next, but without actual rotational movement of the c
polypeptide [5], are possible. Indeed, there is currently
some controversy as to whether the c subunit assembly
does rotate, with two groups [6,7] supporting the notion,
whilst a third [8] suspects experimental artifacts in some
of the procedures used. In all cases, the approach is analo-
gous to that first used to demonstrate rotation of one of
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The overall structure of ATP synthase and experimental arrangements
used to demonstrate rotation of certain of its subunits. (a) Overall
organisation of the enzyme. The globular F1 part protrudes from the
membrane into the mitochondrial matrix, the thylakoid lumen or the
bacterial cytoplasm, collectively known as the ‘N phase’. N indicates
negative, the polarity of this side of the membrane relative to the
opposite P (positive) side — the mitochondrial intermembrane space, the
chloroplast stroma or the bacterial periplasm. The main bulk of the F1
complex comprises an α3β3 ensemble of subunits, the central core of
which is connected to the membrane by the elongated γ subunit. The F0
complex contains, as a minimum, a, b and c subunits. Subunit a is mainly
embedded, as helices, in the membrane and is thought to make critical
contacts with the c subunit with important consequences for the
direction of proton flow through the latter. The b subunit, of which two
copies are thought to be present, is believed to project from the
membrane and form a second stalk which acts as a stator for prevention
of the α and β subunits from rotating with γ. Quite how these b subunits
would be anchored in the membrane so as to play this stator role is not
clear. As discussed in the text, there are many, at least 10, copies of the
c subunit present per ATP synthase molecule. (b) Demonstration that
the γ subunit rotates through anchoring, via a polyhistidine tag sequence,
of the β subunits to a microscope slide and observing the movement of a
fluorescently labelled actin specifically attached to the γ subunit. The
jagged breaks in the actin indicate that the filament is very considerably
longer than any dimension of the ATP synthase. (c) Demonstration that
the c subunit rotates through anchoring of the β subunits to a
microscope slide and observing the movement of a fluorescently labelled
actin specifically attached to the c subunit.
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the F1 subunits, but with the fluorescently labelled actin
attached to a c subunit (Figure 1c). Irrespective of whether
the c subunit rotates or not, the mechanism discussed
above breaks down if the number of protons translocated
is not four per ATP and/or the number of c subunits in the
assembly is not 12 but 10 or 14. 
Another consideration is that the symmetry matching
between the 12 c subunits and the α3β3 part of F1,
although intuitively appealing, is not necessarily an
optimal arrangement for an energy-transducing system.
Such matching between two components brings with it
the risk that one particular conformation of the whole
ensemble will inevitably be relatively well stabilised and
thus lead to the system being effectively trapped in an
energy well. In a system such as the ATP synthase, where
continuous relative movement of various parts of the mol-
ecule appears to be at the heart of its action, avoidance of
such energy wells seems advantageous.
The previously expected symmetry match of 12c:α3β3
implied a stoichiometry of four protons per ATP synthe-
sised, but the evidence for this as a general translocation
stoichiometry is not strong (see below). A ring of twelve
subunits with three protons translocated per ATP synthe-
sised, a stoichiometry for which there is more experimen-
tal evidence, would not be obviously accommodated;
translocation of nine protons would have to induce a
complete 360° rotation of the F1 complex, but would
be expected to drive only a 270° rotation of a 12 c subunit
F0 rotor.
It is evident that, with either 10 or 14 c subunits per ring, a
360° movement of a single c subunit is not simply
reconcilable with the movement of 12 protons, 4 per ATP,
through the c subunit assembly. Having 10 or 14 c
subunits per ring implies a mechanism involving a non-
integral number for the proton translocation stoichiometry
(discounting the untenable possibility of 10 or 14 protons
per ATP). If we assume that, in these cases, 10 or 14
protons must move through the c subunit assembly to give
a 360° rotation, then we can predict that the proton per
ATP ratio is 10/3 (= 3.3) for the mitochondrial enzyme and
14/3 (= 4.6) for the thylakoid protein. In fact, much
uncertainty surrounds the value of the H+:ATP ratio, an
important subject that has lain largely unvisited for the
past fifteen years or so.
For mitochondrial ATP synthase it was originally argued
that the proton stoichiometry was two protons per ATP,
but gradually through the late 1970s and early 1980s a
value of three protons per ATP became accepted by most
workers. The situation concerning ATP synthesis by
mitochondria is complicated by the transport systems for
ATP, ADP and Pi. In effect the combined import of ADP
plus Pi and export of ATP causes the movement of a
proton into the mitochondrial matrix (Figure 2). Thus
currently most investigators think that the conversion of
cytoplasmic ADP and Pi into cytoplasmic ATP requires
the total movement of four protons into the mitochondrial
matrix. There is rather good evidence that, for each two
electrons passing from NADH to oxygen, ten protons are
translocated outwards (Figure 3), and that the equivalent
number of protons for succinate is six. Assuming four
protons per ATP, then 10/4 and 6/4 would give P:O ratios
for NADH and succinate of 2.5 and 1.5, respectively, close
to what is found by experiment (rather than the traditional
classical value of 3).
Now, if four protons were to pass through the ATP
synthase per ATP molecule made, a total of five protons
would be needed. This would reduce the P:O ratio to 10/5
(= 2) for NADH oxidation, and 6/5 (= 1.2) for succinate
oxidation. These values are at variance with all the experi-
mental evidence. Indeed, we should regard 2.5 and 1.5 as
lower limits as some other re-evaluations in recent years
Figure 2
Charge movement associated with ATP synthesis and translocation of
adenine nucleotides and phosphate across the inner mitochondrial
membrane. The stoichiometry of proton translocation through the ATP
synthase is commonly taken as three (compare with Figure 3), but as
discussed in the text this is not a fully confirmed value. The
translocated protons are believed not to pass through the active sites
of the F1 portion of the enzyme; rather they are envisaged as causing
rotation of the ring of c subunits, which engages, directly or indirectly,
with the γ subunit to cause its rotation. This translates into the driving
of sequential conformational changes in each of the β subunits which
contain the catalytic sites. Note that the adenine nucleotide exchange
moves one positive charge into the matrix (N side) per nucleotide
exchanged, and the operation of the phosphate transporter effectively
moves the chemical part of a proton (but not the charge) into the
matrix. Thus, in combination, the two transporters move one positive
charge into the mitochondrion per ATP synthesised and returned to
the P phase. Note that these transporters do not operate in bacterial or
thylakoid ATP synthesis, and that the stator part of the ATP synthase
has been left out so as to simplify the diagram.
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suggest higher values. Thus it seems that the idea of four
protons passing through the mitochondrial ATP synthase
per ATP made is a non starter unless the proton transloca-
tion stoichiometry by the respiratory chain is underesti-
mated. Non-integral values for the proton to ATP
stoichiometry for ATP synthases have important conse-
quences for P:O ratios (see legend to Figure 3).
The proton translocation stoichiometry of ATP synthase
can be approached from another direction. The maximum
size of the ATP:ADP ratio that can be generated by the
protonmotive force is, at any given phosphate concentra-
tion, related to the proton translocation stoichiometry. For
any given value of the protonmotive force, the higher the
proton per ATP stoichiometry then the higher the
ATP:ADP ratio that can be maintained (Figure 3).
Experiments with mitochondria accordingly indicated that
this ratio within the matrix is lower than outside (Figure 3). 
Furthermore, experiments with inverted mitochondrial
inner membranes, known as submitochondrial particles, also
showed that the ATP:ADP ratio that could be reached was
significantly lower than observed outside the intact mito-
chondrion. Although damage to the membranes was some-
times argued to be the cause of the lower ratio, a variety of
approaches indicated that an artefact could not explain the
observations [9]. The low ATP:ADP ratio generated by the
particles, like that in the mitochondrial matrix, was thus an
accurate reflection of proton translocation through ATP syn-
thase. Outside the intact mitochondrion, an extra driving
force equivalent to one translocated proton per ATP synthe-
sised results in much higher ATP:ADP ratios. It is this
transport factor, and not a difference in magnitude of pro-
tonmotive force, that is responsible for the higher
ATP:ADP ratio outside intact mitochondria.
In other ATP-synthesising systems, notably thylakoids of
chloroplasts or bacterial plasma membranes, there is no
counterpart to the ATP/ADP and Pi transport systems of
mitochondria. In these systems, the energetics of ATP
synthesis thus depend only on the proton translocation
stoichiometry of the ATP synthase (Figure 3). Therefore,
one might expect the energetics to be the same as for
mitochondrial matrix or submitochondrial particle ATP
synthesis. But they are not. Many observations have
shown that the thylakoid and bacterial systems can make
the same high ATP:ADP ratios as are found external to
mitochondria [9]. There may be two factors underlying
these observations, contributing either individually or in
combination. These are the magnitude of the protonmotive
force and the proton per ATP translocation stoichiometry.
Measurements of the former suggest values very similar to
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Proton movement by electron transport chains and ATP synthesising
systems in: (a) inside and outside of mitochondria; and (b) thylakoids.
∆p is the protonmotive force; ∆GATP refers to the maximum free energy
of ATP synthesis that can be observed, that is, when the ATP:ADP
ratio has been driven to the largest value attainable by the system; and
x and y are the numbers of protons transported through ATP synthase
per ATP molecule synthesised in the mitochondrion and chloroplast,
respectively. As (a) shows, this ratio must be lower for the inside of the
mitochondrion than the outside. As discussed in the text, the proton
translocation stoichiometry per ATP is uncertain. If x is an integer then,
for mitochondria (a), 3 is the most probable value, giving a P/O of
10/4 = 2.5; but if x is non-integral and < 3 then P/O is < 2.5, where 10
is the widely accepted proton per 2 electron translocation ratio when
NADH is the source of electrons. Similarly, for the thylakoid system (b),
if the widely accepted value for y = 4 is used the P/2e ratio is 6/4
(= 1.5) but if the non-integral value of 4.6 is used then P/2e is 1.3,
where 6 is a generally accepted proton translocation stoichiometry
when 2 electrons pass from water to NADP+.
those for mitochondria, which argues in favour of a differ-
ent, larger value for the proton translocation stoichiometry
of ATP synthesis [9].
In fact, comparison of the energetics of ATP synthesis by
submitochondrial particles and thylakoids suggests a rela-
tive proton translocation stoichiometry of approximately
3:4, which is not so far from 10:14, the relative ratio of the
numbers of c subunits in their respective ATP synthase
F0 complexes. There thus seems to be a good correlation
between the size of the F0 ring and the energetics of the
reaction. This may prove to be the explanation for the
otherwise puzzling finding that the c subunit stoichiome-
try is different in the enzymes from two sources. Such
energetic considerations actually prompted the sugges-
tion many years ago [9] that the structures of the thy-
lakoid and mitochondrial ATP synthases might differ in
some key respect. 
If the size of the rings of c subunits can vary between
enzymes, can it change for an ATP synthase from a
particular source depending upon prevailing metabolic
conditions? This has been suggested for the E. coli enzyme
[10]. The problem here is that there is only a single copy of
the c subunit gene on the E. coli genome; thus the same
polypeptide would have to pack differently according to
some undefined signal. There is a mysterious ninth gene
in the operon for the E. coli ATP synthase for which a role
as an undefined assembly factor has been tentatively
assigned. Possibly this, or some other gene product, is able
to regulate the number of copies of the c subunit making
up the F0 ring.
But if the form of ATP synthase varies with metabolic con-
ditions, so that a single membrane contains ATP synthases
with different c ring structures, then there is the danger
that the overall energetics would be dictated by those mol-
ecules with the smallest c rings and proton per ATP stoi-
chiometries. Similarly, it is not easy to imagine how the
size the c ring could vary in a membrane in response to dif-
ferent metabolic fluxes. There are published observations
suggesting that, as the rate of electron transfer slows, any
accompanying attenuation in the protonmotive force is not
matched by a drop in the ATP:ADP ratio that can be main-
tained [9]. A change in the proton to ATP stoichiometry
linked to a change in the number of c subunits per ring,
although capable in principle of explaining such behaviour,
does not appear very probable.
In conclusion, variation in the size of the c subunit ring in
ATP synthase from different sources is counterintuitive,
but there may be good biochemical reasons for believing
that such variation exists. Understanding how the proton
movement through the c subunit ring drives ATP synthe-
sis requires further attention to be given to the old issue of
the proton per ATP stoichiometry. 
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